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Abstract
We report the first observation of Υ(5S) → Υ(1, 2S)π0π0 decays. Evidence for the Z0b (10610)
with 4.9σ significance is found in a Dalitz plot analysis of Υ(5S)→ Υ(2S)π0π0 decays. The results
are obtained with a 121.4 fb−1 data sample collected with the Belle detector at the Υ(5S) resonance
at the KEKB asymmetric-energy e+e− collider.
PACS numbers: 14.40.Pq, 13.25.Gv, 12.39.Pn
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INTRODUCTION
Recently the Belle Collaboration reported the observation of two narrow structures in
π±Υ(nS) invariant mass in the Υ(5S)→ Υ(nS)π+π− decays (n = 1, 2, 3) [1]. The measured
masses and widths of the two structures areM1 = 10607.2±2.0 MeV/c2, Γ1 = 18.4±2.4 MeV
and M2 = 10652.2± 1.5 MeV/c2, Γ2 = 11.5± 2.2 MeV, respectively. Angular analysis sug-
gests that these states have IG(JP ) = 1+(1+) quantum numbers [2]. The measured masses
are a few MeV/c2 above the thresholds for the open beauty channels B∗B¯ (10604.6 MeV/c2)
and B∗B¯ (10604.6 MeV/c2) suggesting a “molecular” nature for these states, which is con-
sistent with many of their observed properties [3]. This observation motivates us to search
for a neutral partner of these states in the resonant substructure of Υ(5S) → Υ(nS)π0π0
decays.
SELECTION CRITERIA
We use a 121.4±1.9 fb−1 data sample collected on the peak of the Υ(5S) resonance with
the Belle detector [4] at the KEKB asymmetric energy e+e− collider [5]. The Belle detector is
a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector, a central
drift chamber, an array of aerogel threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic calorimeter comprised of CsI(Tl)
crystals located inside a superconducting solenoid that provides a 1.5 T magnetic field. An
iron flux-return located outside the coil is instrumented to detect K0L mesons and to identify
muons. The detector is described in detail elsewhere [4].
Υ(5S) candidates are formed from Υ(nS)π0π0 (n = 1, 2) combination. We recon-
struct Υ(nS) candidates from pairs of leptons (e+e− and µ+µ−) with invariant mass in
the range from 8 to 11 GeV/c2. An additional decay channel is used for the Υ(2S):
Υ(2S) → Υ(1S)[l+l−]π+π−. Charged tracks are required to have transverse momentum,
pt >, greater than 50MeV/c. We also impose a requirement on the impact parameters:
dr < 0.3 cm and |dz| < 2.0 cm, where dr and dz are the impact parameters in the r-
φ and longitudinal directions, respectively. Muon and electron candidates are required to
be positively identified. No requirement on the particle identification is used for the pi-
ons. Candidate π0 mesons are selected from pairs of photons with an invariant mass within
15 MeV/c2 of the nominal π0 mass. Energy greater than 50 (75) MeV is required for each
photon in the barrel (endcap). We use the quality of the π0 mass-constrained fits to sup-
press the background; the sum of χ2(π01) + χ
2(π02) is required to be less than 20 (10) for the
Υ(nS)→ µ+µ−, Υ(1S)π+π− (Υ(nS)→ e+e−).
We use the energy difference, ∆E = Ecand − ECM, and momentum P to suppress back-
ground, where Ecand and P are the energy and momentum of the reconstructed Υ(5S)
candidate in the center-of-mass (c.m.) frame, and ECM is the c.m. energy of the two
beams. Υ(5S) candidates are required to satisfy the requirements −0.2 < ∆E < 0.14 GeV
and P < 0.2 GeV/c. The large potential background from QED processes such as
e+e− → l+l−(n)γ is suppressed using the missing mass associated with the l+l− system,
Mmiss(l
+l−), calculated as Mmiss(l
+l−) =
√
(ECM − El+l−)2 − P 2l+l−, where El+l− and Pl+l−
are the energy and momentum of the l+l− system measured in the c.m. frame. We require
Mmiss(l
+l−) > 0.15 (0.30) GeV/c2 for the Υ(nS) → µ+µ− (e+e−). We select the candidate
with the smallest χ2(π01) + χ
2(π02) in the rare cases (1-2%) in which there is more than one
candidate in the event.
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FIG. 1: The π0π0 missing mass distribution for Υ(nS)π0π0, (a) Υ(nS)→ µ+µ− and (b) Υ(nS)→
e+e− candidates. The M(Υ(1S)π+π−) distribution for Υ(2S)→ Υ(1S)π+π− candidates is shown
in (c). Histograms represent the data. The solid curves show the fit result while the dashed curves
correspond to the background contributions.
Υ(5S)→ Υ(nS)[l+l−]π0π0 candidates are identified via the missing mass recoiling against
the π0π0 system, Mmiss(π
0π0). Figures 1 (a) and 1 (b) show theMmiss(π
0π0) distributions for
Υ(5S)→ Υ(nS)[l+l−]π0π0 candidates. We fit these distributions to extract the Υ(nS) signal
yield. The signal probability density function (PDF) is described by a sum of two Gaussians
for each Υ(nS) resonance with parameters fixed from the signal Monte Carlo (MC) sample.
The background PDF is parameterized by the sum of constant and exponential functions.
For Υ(5S) → Υ(2S)[Υ(1S)π+π−]π0π0 decays, Υ(1S) candidates are selected from
l+l− pairs with invariant mass within 150MeV/c2 of the nominal Υ(1S) mass. A mass-
constrained fit is used for Υ(1S) candidates to improve the momentum resolution. We apply
the same requirements on ∆E and P described above for reconstructed Υ(5S) candidate.
We use the invariant mass of Υ(1S)π+π− to select the signal candidates. Figure 1 (c) shows
the M(Υ(1S)π+π−) distribution for the [Υ(1S)π+π−]π0π0 events. We fit this distribution
to extract the Υ(2S)[Υ(1S)π+π−] signal yield. The signal PDF is described by a Gaussian
function with parameters fixed from signal MC. The background PDF is described by a
constant. The cross-feed from the decay Υ(5S)→ Υ(2S)[Υ(1S)π0π0]π+π− contributes as a
broad peak around 10.3 GeV/c2. Its contribution is parameterized by a Gaussian function.
Table I summarizes the definition of the signal region, signal yield, MC efficiency, mea-
sured branching fraction (only the statistical uncertainty is shown), number of selected events
and purity. The reconstruction efficiency is obtained using MC with with the Υ(nS)π0π0 sys-
tem distributed uniformly over three-body phase space. The branching fraction is calculated
by B = Nsig
ǫLσ(e+e−→Υ(5S))
, where Nsig is number of signal events, ǫ is reconstruction efficiency, L
is integrated luminosity. We use the value of σ(e+e− → Υ(5S)) = 0.340±0.016 nb obtained
with 121.4 fb−1 data.
The main sources of systematic uncertainty in the branching fraction measurement are:
uncertainties in the signal and background PDFs used in the fit mainly due to data/MC
width differences: 5%; uncertainty in the e+e− → Υ(5S) cross section: 5%; B(Υ(nS) →
l+l−): 2% and 9% for the Υ(1S) and Υ(2S) [7]; luminosity: 1.5%; π0 reconstruction: 5%;
muon identification: 1%; electron identification: 3%; tracking: 0.7%. The total systematic
errors are 9% for Υ(1S)π0π0 and 13% for Υ(2S)π0π0. We calculate the weighted average
of B(Υ(5S) → Υ(nS)π0π0) in the various Υ(nS) decay channels and obtain B(Υ(5S) →
6
TABLE I: Definition of the signal region, signal yield, MC efficiency, measured branching fraction,
number of selected events and purity.
Final state Signal region, GeV/c2 Signal yield ǫ, % B, 10−3 Events Purity
Υ(1S)→ µ+µ− 9.41 < Mmiss(π0π0) < 9.53 261 ± 15 11.2 2.28 ± 0.13 247 0.95
Υ(1S)→ e+e− 9.41 < Mmiss(π0π0) < 9.53 123 ± 13 5.61 2.15 ± 0.23 140 0.78
Υ(2S)→ µ+µ− 9.99 < Mmiss(π0π0) < 10.07 241 ± 18 8.04 3.77 ± 0.28 253 0.87
Υ(2S)→ e+e− 9.99 < Mmiss(π0π0) < 10.07 108 ± 13 3.58 3.84 ± 0.46 151 0.66
Υ(2S)→ Υ(1S)π+π− 10.00 < M(Υπ+π−) < 10.05 24± 5 2.27 2.85 ± 0.60 28 0.86
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FIG. 2: Dalitz plots for selected (a) Υ(1S)π0π0, (b) Υ(2S)π0π0 candidates. Dalitz plots for events
in the (c) Υ(1S)π0π0, (d) Υ(2S)π0π0 sidebands.
Υ(1S)π0π0) = (2.25 ± 0.11 ± 0.20) × 10−3 and B(Υ(5S) → Υ(2S)π0π0) = (3.66 ± 0.22 ±
0.48)× 10−3. These are approximately one half of the corresponding values of B(Υ(5S) →
Υ(nS)π+π−) [9], consistent with expectations from isospin.
DALITZ ANALYSIS
We define the following sideband regions for the study of background: for the Υ(1S)π0π0
final state : 9.20GeV/c2 < Mmiss(π
0π0) < 9.35GeV/c2 and 9.60GeV/c2 < Mmiss(π
0π0) <
9.75GeV/c2; and for the Υ(2S)π0π0 final state: 9.80GeV/c2 < Mmiss(π
0π0) < 9.95GeV/c2
and 10.15GeV/c2 < Mmiss(π
0π0) < 10.30GeV/c2. Figure 2 shows the Dalitz plot distribu-
tions for the selected Υ(5S)→ Υ(nS)π0π0 candidates from the signal region and sidebands.
Before analyzing Dalitz distributions for events in the signal region, we determine the PDF
for background. Samples of background events are selected in Υ(nS) mass sidebands and
then refitted to the nominal mass of the corresponding Υ(nS) state to match the phase
space boundaries. We parameterize the background PDF by the following function:
1 + p1 exp(−q1s3 + p2 exp(−q2(smin − a2)), (1)
where p1, p2, q1 and q2 are fit parameters. Here s3 = M
2(π0π0) and smin = Min(s1, s2),
s1,2 = M
2(Υ(nS)π01,2). The kinematical limit a2 is 92 and 103 GeV
2/c4 for the Υ(1S)
and Υ(2S), respectively. Variation of the reconstruction efficiency over the Dalitz plot is
determined using a large sample of MC with a uniform phase space distribution. We use
the following function to parameterize efficiency variations:
ǫ = 1 + c{1− e−(s3−a0)/b0}{1− e−(a1−smax)/b1}, (2)
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where c, b0 and b1 are fit parameters. Here smax = Max(s1, s2). The parameters a0 and a1
are defined as a0 = 4m
2
π0 , a1 = (mΥ(5S) −mπ0)2.
The amplitude analysis of three-body Υ(5S) → Υ(nS)π0π0 decays uses an unbinned
maximum likelihood fit. We describe the three-body signal amplitude as a sum of quasi-
two-body amplitudes:
M(s1, s2) = AZ1 + AZ2 + Af0 + Af2 + Anr , (3)
where AZ1 and AZ2 are amplitudes for contributions from the Z
0
b (10610) and Z
0
b (10650),
respectively. The amplitudes Af0 , Af2 and Anr are the contributions from the π
0π0 system
in an f0(980, f2(1275) and a non-resonant state, respectively. Here we assume that the
dominant contributions are from amplitudes that preserve the orientation of the spin of
the heavy quarkonium state and thus, both pions in the cascade decay Υ(5S) → Z0bπ0 →
Υ(nS)π0π0 are emitted in an S-wave with respect to the heavy quarkonium system. As
demonstrated in Ref. [2], angular analysis supports this assumption. Consequently, we
parameterize both amplitudes with an S-wave Breit-Wigner function
BW(s,M,Γ) =
√
MΓ
M2 − s− iMΓ , (4)
where we neglect the possible s dependence of the resonance width. Both amplitudes are
symmetrized with respect to π0 interchange. The masses and widths are fixed to the values
obtained in the Υ(nS)π+π− analysis: M(Z1) = 10607.2MeV/c
2, Γ(Z1) = 18.4MeV/c,
M(Z2) = 10652.2MeV/c
2, Γ(Z2) = 11.5MeV/c [1]. Contributions from the f0(980) and
f2(1275) are also included in the fit. We use a Flatte´ function for the f0(980) and a Breit-
Wigner function for the f2(1275). Coupling constants of the f0(980) were fixed at values
from the B+ → K+π+π− analysis: M = 950MeV/c2, gππ = 0.23, gKK = 0.73 [6]. The mass
and width of the f2(1275) resonance are fixed to the world average values [7]. Following
suggestions in Ref. [8], the non-resonant amplitude Anr is parameterized as
Anr = A
1
nre
iφ1nr + A2nre
iφ2nrs3 , (5)
where A1nr, A
2
nr, φ
1
nr and φ
2
nr are free parameters in the fit. As there is only sensitivity to the
relative amplitudes and phases between decay modes, we fix A1nr = 10.0 and φ
1
nr = 0.0.
The logarithmic likelihood function is defined as
L = −2
∑
log{ǫ(s1, s2)(fsigS(s1, s2) + (1− fsig)B(s1, s2))} , (6)
where S(s1, s2) is |M(s1, s2)|2 convoluted with the detector resolution (6.0MeV/c2 for
Υ(nS)π0 combinations), ǫ(s1, s2) describes the variation of the reconstruction efficiency
over the Dalitz plot and fsig is the fraction of signal events in the data sample. The frac-
tion fsig is determined separately for each Υ(nS) decay mode (see Table I). The function
B(s1, s2) describes the distribution of background events over the phase space. Both prod-
ucts ǫ(s1, s2) · S(s1, s2) and ǫ(s1, s2) · B(s1, s2) are normalized to unity.
Results from one-dimensional projections of the fits are shown in Figs. 3 and 4. These
projections are very similar to the corresponding distributions in Υ(nS)π+π− [1]. A Z0b
signal is most clearly seen inM(Υπ0)max. Table II shows the values and errors of amplitudes
and phases obtained from the fit to the Υ(nS)π0π0 Dalitz plot. The statistical significance
of the Z0b (10610) signal in the Υ(2S)π
0π0 sample is 5.3σ. This value is obtained from the
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FIG. 3: Comparison of the fit results (open histograms) with experimental data (points with error
bars) for Υ(1S)π0π0 events in the signal region. Red and blue open histograms show the fit with
and without Z0b ’s, respectively. Hatched histograms show the background components.
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FIG. 4: Comparison of the fit results (open histograms) with experimental data (points with error
bars) for Υ(2S)π0π0 events in the signal region. Red and blue open histograms show the fit with
and without Z0b ’s, respectively. Hatched histograms show the background components.
TABLE II: Results of the Dalitz plot fit of Υ(nS)π0π0 events.
Υ(1S)π0π0 Υ(1S)π0π0 Υ(2S)π0π0 Υ(2S)π0π0 Υ(2S)π0π0
Model with Z0b ’s w/o Z
0
b ’s with Z
0
b ’s with Z
0
1 only w/o Z
0
b ’s
A(Z01 ) 0.50
+0.34
−0.30 0.0 (fixed) 0.58
+0.21
−0.14 0.47
+0.15
−0.11 0.0(fixed)
φ(Z01 ) −36± 50 — −113 ± 14 −117± 17 —
A(Z02 ) 0.60
+0.51
−0.47 0.0 (fixed) 0.37
+0.20
−0.16 0.0 (fixed) 0.0 (fixed)
φ(Z02 ) −59± 60 — −125 ± 27 — —
A(f2) 15.7± 2.0 14.6± 1.6 18.2 ± 7.3 23.9 ± 7.3 28.2 ± 7.0
φ(f2) 60± 11 51± 9 36 ± 21 28± 13 28± 10
A(f0) 1.07 ± 0.15 0.97 ± 0.12 11.5 ± 1.9 10.5 ± 1.9 8.2± 2.1
φ(f0) 168± 11 163± 10 211 ± 6 213 ± 7 210± 8
A2nr 15.2± 1.2 13.9± 0.7 34.7 ± 4.9 31.8 ± 4.3 24.6 ± 4.2
φ2nr 162± 4 161± 4 80 ± 12 85± 13 93± 15
−2 logL −316.7 −312.4 −193.1 −186.6 −154.5
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TABLE III: Two solutions found in the Dalitz plot fit of Υ(2S)π0π0 events.
w/o Z0b w/o Z
0
b with Z
0
1 with Z
0
1 with Z
0
b ’s with Z
0
b ’s
Solutions A B A B A B
A(Z01 ) 0.0 (fixed) 0.0 (fixed) 0.46
+0.15
−0.11 1.35
+0.64
−0.33 0.58
+0.21
−0.14 1.42 ± 0.48
φ(Z01 ) — — −117± 14 88± 18 −113± 14 91± 21
A(Z02 ) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.37
+0.20
−0.16 0.66 ± 0.40
φ(Z02 ) — — — — −125± 27 124 ± 37
A(f2) 28.2 ± 7.0 41.8 ± 9.0 23.9± 7.3 48.7 ± 15.4 18.2± 7.3 43.3 ± 15.6
φ(f2) 28± 10 −1± 14 18± 13 10± 16 36± 21 132 ± 19
A(f0) 8.2± 2.1 13.3 ± 3.6 10.5± 1.9 13.4 ± 4.2 11.5± 1.9 12.6 ± 4.9
φ(f0) 210± 8 131 ± 11 213± 7 134 ± 15 211± 6 132 ± 19
A2nr 24.6 ± 4.2 44.2 ± 10.1 31.8± 4.3 50.4 ± 12.2 34.7± 4.9 50.8 ± 13.7
φ2nr 93± 15 −70± 16 85± 13 −69± 22 80± 12 −72± 25
−2 logL −154.5 −155.4 −186.6 −186.3 −193.1 −191.2
p-value, ∆(−2 logL), with two degrees of freedom, i.e. ∆(−2 logL) = 2 logL(w/oZ0b ) −
2 logL(10610). We also perform a fit with the Z0b (10610) mass as a free parameter. The fit
with both Z0b ’s gives M(Z
0
b (10610)) = 10609
+8
−6MeV/c
2. A similar value, 10603± 6MeV/c2,
is obtained in a fit in which only the Z0b (10610) is included. The signal for the Z
0
b (10610)
is not significant in the fit to the Υ(1S)π0π0 events due to the smaller relative branching
fraction. The signal for the Z0b (10650) is not significant in either Υ(1, 2S)π
0π0 dataset. Our
data do not contradict the existence of Z0b (10650), but the available statistics is not enough
for the observation of this state.
We search for multiple solutions by doing one thousand fits with randomly assigned
amplitudes and phases taken from a model without Z0b contributions. We find an additional
solution in the Υ(2S)π0π0 final state and no other solutions in Υ(1S)π0π0. Table III shows
the values and errors of amplitudes and phases obtained for both solutions. The second
solution is referred to “Solution B”. The Z0b (10610) significance in Solution B is 5.3σ, almost
the same as in Solution A (the baseline fit).
STUDY OF SYSTEMATIC UNCERTAINTIES IN DALITZ ANALYSIS
Experimental errors may arise from the uncertainty in parameterization of the background
PDF. We determine this uncertainty by varying parameters of the background PDF. We
use different sideband sub-samples to determine PDF parameters: the low-mass sideband
only, or the high-mass sideband, or Υ(nS) → e+e− events only, or Υ(nS) → µ+µ− events
only. The statistical significance of the Z0b (10610) in all fits is greater than 4.9σ. Another
source of systematic uncertainty is the determination of signal efficiency. To estimate this
effect we perform two additional fits with a modified efficiency function:
√
ǫ(smax, s3) and
ǫ3/2(smax, s3). The result, ∆(−2 logL) for models with Z0b (10610) and without Z0b ’s changes
from 32.1 to 32.9 and 31.2, respectively. the difference in Z0b (10610) significance is less than
0.1. We also perform a fit with a modified detector resolution function: the resolutions are
varied from 4 to 8MeV/c2 instead of the nominal 6MeV/c2 to take into account the effect
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of different momentum resolutions in MC and data. The resulting changes in ∆(−2 logL)
are less than 0.5 (difference in Z0b (10610) significance is less than 0.05).
The model uncertainty originates mainly due to the parameterization of the non-resonant
amplitude. To estimate it we vary the model used to fit the data. Three additional models,
based on solution A, are used: with an additional σ(600) resonance, parameterized by a
Breit-Wigner function with M = 600MeV/c2 and Γ = 400 MeV/c, a model with Anr =
aeiφa + beiφb
√
s(π0π0), and a model without any f0(980) contribution (to fit Υ(2S)π
0π0
events only). The smallest Z0b (10610) significance is obtained in the last model: 4.9σ.
We use this value as the final Z0b (10610) significance. Fits with the Z
0
b (10610) mass as a
free parameters give values from 10603 to 10615MeV/c2. We use ±6MeV/c2 as a model
uncertainty for the Z0b (10610) mass.
CONCLUSION
We report the observation of Υ(5S) → Υ(1, 2S)π0π0 decays. The measured branching
fractions, B(Υ(5S)→ Υ(1S)π0π0) = (2.25±0.11±0.20)×10−3, B(Υ(5S)→ Υ(2S)π0π0) =
(3.66±0.22±0.48)×10−3, are found to be consistent with the the expectation from isospin,
scaling from B(Υ(5S)→ Υ(nS)π+π−) [9].
Evidence of a neutral resonance decaying to Υ(2S)π0, Z0b (10610), has been obtained in
a Dalitz plot analysis of Υ(5S) → Υ(2S)π0π0 decay. The statistical significance of the
Z0b (10610) signal is 5.3σ (4.9σ including model and systematic uncertainties). Its measured
mass,M(Z0b (10610)) = 10609
+8
−6±6MeV/c2, is consistent with the mass of the corresponding
charged state, the Z±b (10610). The Z
0
b (10650) signal is not significant in either Υ(1S)π
0π0
or Υ(2S)π0π0. Our data do not contradict the existence of Z0b (10650), but the available
statistics is not enough for the observation of this state.
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